Abstract Purpose: The present study was aimed at clarifying the expression of astrocyte elevated gene-1 (AEG-1), one of the target genes of oncogenic Ha-ras, in breast cancer and its correlation with clinicopathologic features, including the survival of patients with breast cancer. Experimental Design: The expression of AEG-1 in normal breast epithelial cells, breast cancer cell lines, and in four cases of paired primary breast tumor and normal breast tissue was examined using reverse transcription-PCR and Western blot. Real-time reverse transcription-PCR was applied to determine the mRNA level of AEG-1 in the four paired tissues, each from the same subject. Furthermore, AEG-1 protein expression was analyzed in 225 clinicopathologically characterized breast cancer cases using immunohistochemistry. Statistical analyses were applied to test for the prognostic and diagnostic associations. Results: Western blot and reverse transcription-PCR showed that the expression level of AEG-1 was markedly higher in breast cancer cell lines than that in the normal breast epithelial cells at both mRNA and protein levels. AEG-1 expression levels were significantly up-regulated by up to 35-fold in primary breast tumors in comparison to the paired normal breast tissue from the same patient. Immunohistochemical analysis revealed high expression of AEG-1in 100 of 225 (44.4%) paraffin-embedded archival breast cancer biopsies. Statistical analysis showed a significant correlation of AEG-1 expression with the clinical staging of the patients with breast cancer (P = 0.001), as well as with the tumor classification (P = 0.004), node classification (P = 0.026), and metastasis classification (P = 0.001). Patients with higher AEG-1 expression had shorter overall survival time, whereas patients with lower AEG-1 expression had better survival. Multivariate analysis suggested that AEG-1 expression might be an independent prognostic indicator for the survival of patients with breast cancer. Conclusions: Our results suggest that AEG-1 protein is a valuable marker of breast cancer progression. High AEG-1expression is associated with poor overall survival in patients with breast cancer.
Breast cancer is the second most frequent cancer in the world and is by far the most common malignant disease in women, with an incidence of 1.05 million new cases per year, accounting for 22% of all new cancer cases (1) . Although it is widely accepted that the etiology of breast cancer includes both genetic and environmental factors, the molecular mechanism of its development and progression remains poorly understood, and thus far, no specific signature of breast cancer gene expression has been reported to allow for patient-tailored therapy strategies. Furthermore, prediction of clinical prognosis of breast cancer is still reliant on conventional pathologic variables such as tumor size, tumor grade, lymph node, and distal metastasis status (2 -5) . Hence, it is of great clinical value to further understand the molecular mechanisms underlying the progression of breast cancer and to identify effective early markers for the diagnosis and prognosis of the disease as well as novel therapeutic targets.
Astrocyte elevated gene-1 (AEG-1), also known as metadherin, was originally identified as a protein induced in primary human fetal astrocytes infected with HIV-1 or treated with HIV gp120 or tumor necrosis factor-a (6 -9) . Tumor necrosis factor-a treatment was found to result in translocation of both AEG-1 and nuclear factor nB (NF-nB) to the nucleus, wherein these two proteins physically interacted with each other and ectopic expression of AEG-1 in HeLa cells markedly increased the DNA-binding activity of the transcriptional activator p50/p65 complex of NF-nB, due to degradation of InB-a and nuclear translocation of NF-nB caused by AEG-1 (10) . Additional studies have shown that the oncogenic Ha-ras could up-regulate AEG-1 expression by inducing the binding of c-Myc to the AEG-1 promoter, thereby promoting AEG-1 transcription. It was also shown that AEG-1 synergized with Ha-ras to enhance the colony-forming ability of nontumorigenic immortalized melanocytes in soft agar (11) . Recently, Kikuno et al. reported that knockdown of AEG-1 inhibited prostate cancer progression through up-regulation of FOXO3a activity, and that such an alteration of FOXO3a activity was dependent on the reduction of Akt activity (12) . Moreover, the above studies also implicated that AEG-1 might play a role in cancer metastasis because the AKT pathway and the NF-nB pathway had been suggested to increase tumor invasiveness. Indeed, overexpressing AEG-1 resulted in increased Matrigel invasion of HeLa cells, and knocked-down expression of AEG-1 inhibited the invasive ability of PC-3 and DU145 cells (11, 12) . In addition, Brown and Ruoslahti showed that AEG-1 could act as a cell surface protein in breast tumors and mediate lung metastasis (6) . Although published studies have suggested that AEG-1 expression is up-regulated in subsets of breast cancer, multiform glioblastoma, melanoma, and prostate cancer (6, 9, 12, 13) , implicating the possibility of using AEG-1 as an indicator of cancer development or progression, thus far, there has been no report on whether the expression of AEG-1 is correlated with clinical staging as well as cancer patient survival.
In this study, we report for the first time the characterization of AEG-1 expression in breast cancer of various clinicopathologic grades. We found that the expression of AEG-1 was correlated with the clinical staging and tumor-node-metastasis (TNM) classification of the disease. Using multivariate analysis, the effectiveness of AEG-1 as a prognostic factor was assessed. Our results strongly suggest that AEG-1 might be an independent biomarker for the prediction of prognosis of breast cancer.
Materials and Methods
Cell lines. Primary normal breast epithelial cells (NBEC) were collected from the mammoplasty material of a 30-year-old woman at the Department of Plastic Surgery, the First Affiliated Hospital of Sun Yat-sen University (P.R. China), in accordance with rules and regulations concerning ethical issues on research use of human subjects in China, and cultured in the keratinocyte serum-free medium (Invitrogen) supplemented with epithelial growth factor, bovine pituitary extract, and antibiotics (120 Ag/mL streptomycin and 120 Ag/mL penicillin), as previously described by Liao et al. (14) . Breast cancer cell lines, including MDA-MB-435, MDA-MB-453, MDA-MB-231, MCF-7, ZR-75-30, SK-BR-3, and Bcap-37 were grown in DMEM medium (Invitrogen) supplemented with 10% fetal bovine serum (HyClone).
Vectors and retroviral infection. GST-AEG-1 (199-400 amino acids) construct was generated by subcloning the PCR-amplified human AEG-1 coding sequence into pGEX4T1. The preparation of pure recombinant AEG-1 polypeptide was done according to a previously described protocol (15) , and the details are available upon request. To introduce short hairpin RNAs to MCF-7 cells, we used the pSuperretroviral vector and the following oligonucleotides for AEG-1: no. 1, AACAGAAGAAGAAGAACCGGA; and no. 2, GAAATCAAAGTCA-GATGCTA (synthesized through Invitrogen). Recombinant retroviral vectors were produced by transient cotransfection, as described previously (16) . Viral infections were done serially, and stable cell lines expressing AEG-1 RNAi(s) were selected with 0.5 Ag/mL of puromycin 48 h after infection. After 10-day selections, the MCF-7 cell lysates prepared from the pooled population of cells in the sample buffer were fractionated on SDS-PAGE for the detection of AEG-1 protein level.
Patient information and tissue specimens. This study was conducted on a total of 225 paraffin-embedded breast cancer samples, which were histopathologically and clinically diagnosed at the Sun Yat-sen University Cancer Center from 2000 to 2002. Clinical and clinicopathologic classification and staging were determined according to the American Joint Committee on Cancer criteria (17) . For the use of these clinical materials for research purposes, prior patients' consents and approval from the Institutional Research Ethics Committee were obtained. Clinical information on the samples is summarized in Table 1 . The percentages of tumor purity in sections adjacent to the regions used for RNA extraction were estimated during routine histopathologic analysis. RNA extraction, reverse transcription, and real-time PCR. Total RNA from cells and primary tumor materials was extracted using the Trizol reagent (Invitrogen) according to the manufacturer's instruction. The extracted RNA was pretreated with RNase-free DNase, and 2 Ag of RNA from each sample was used for cDNA synthesis primed with random hexamers. For PCR amplification of AEG-1 cDNA, an initial amplification using AEG-1 -specific primers was done with a denaturation step at 95jC for 10 min, followed by 28 cycles of denaturation at 95jC for 60 s, primer annealing at 58jC for 30 s, and primer extension at 72jC for 30 s. Upon completion of the cycling steps, a final extension at 72jC for 5 min was done before the reaction was stored at 4jC. Real-time PCR was then employed to determine the fold of increase of AEG-1 mRNA in each of the primary breast tumors relative to the paired normal breast tissue taken from the same patient. Expression data were normalized to the geometric mean of housekeeping gene GAPDH to control the variability in expression levels. Reverse transcription-PCR and real-time PCR primers were designed using the Primer Express v 2.0 software (Applied Biosystems) and the primer sequences are provided in Table 2 .
Western blotting. Cells were harvested in sampling buffer [62.5 mmol/L Tris-HCl (pH 6.8), 10% glycerol, 2% SDS] and heated for 5 min at 100jC. Protein concentration was determined by the Bradford assay using a commercial kit purchased from the Bio-Rad Laboratories. Equal quantities of protein were separated electrophoretically on 10% SDS/polyacrylamide gels and transferred onto polyvinylidene difluoride membranes (Roche). The membrane was probed with a 1:500-diluted anti -AEG-1 rabbit antibody (Zymed). Expression of AEG-1 was determined with horseradish peroxidase -conjugated anti-rabbit IgG (1:3,000) and enhanced chemiluminescence (Pierce) according to the manufacturer's suggested protocols. The membranes were stripped and reprobed with an anti -a-tubulin mouse monoclonal antibody (1:1,000; Sigma) as a loading control.
Immunohistochemistry. Immunohistochemical analysis was done to study altered protein expression in 225 human breast cancer tissues. In brief, paraffin-embedded specimens were cut into 4-Am sections and baked at 65jC for 30 min. The sections were deparaffinized with xylenes and rehydrated. Sections were submerged into EDTA antigenic retrieval buffer and microwaved for antigenic retrieval. The sections were treated with 3% hydrogen peroxide in methanol to quench the endogenous peroxidase activity, followed by incubation with 1% bovine serum albumin to block nonspecific binding. Rabbit anti -AEG-1 (1:500; Zymed) was incubated with the sections overnight at 4jC. For negative controls, the rabbit anti -AEG-1 antibody was replaced with normal goat serum, or the rabbit anti -AEG-1 antibody was blocked with a recombinant AEG-1 polypeptide by coincubation at 4jC overnight preceding the immunohistochemical staining procedure. After washing, the tissue sections were treated with biotinylated anti-rabbit secondary antibody (Zymed), followed by further incubation with streptavidin-horseradish peroxidase complex (Zymed). The tissue sections were immersed in 3-amino-9-ethyl carbazole and counterstained with 10% Mayer's hematoxylin, dehydrated, and mounted in Crystal Mount.
The degree of immunostaining of formalin-fixed, paraffin-embedded sections was reviewed and scored independently by two observers, based on both the proportion of positively stained tumor cells and the intensity of staining (18 -20) . The proportion of tumor cells was scored as follows: 0 (no positive tumor cells), 1 (<10% positive tumor cells), 2 (10-50% positive tumor cells), and 3 (>50% positive tumor cells). The intensity of staining was graded according to the following criteria: 0 (no staining); 1 (weak staining = light yellow), 2 (moderate staining = yellow brown), and 3 (strong staining = brown). The staining index was calculated as staining intensity score Â proportion of positive tumor cells. Using this method of assessment, we evaluated the expression of AEG-1 in benign breast epithelium and malignant lesions by determining the staining index, which scores as 0, 1, 2, 3, 4, 6, and 9. Cutoff values for AEG-1 were chosen on the basis of a measure of heterogeneity with the log-rank test statistical analysis with respect to overall survival. An optimal cutoff value was identified: the staining index score of z4 was used to define tumors as high AEG-1 expression and V3 as low expression of AEG-1.
Statistical analysis. All statistical analyses were carried out using the SPSS 10.0 statistical software package. Mann-Whitney U test was used to analyze the correlation between AEG-1 expression and the clinicopathologic characteristics. Survival curves were plotted using the Kaplan-Meier method and compared with the log-rank test. The significance of various variables for survival was analyzed by the Cox proportional hazards model in the multivariate analysis. P < 0.05 in all cases was considered statistically significant.
Results
Up-regulation of AEG-1 in breast cancer cells. Western blot analysis showed that AEG-1 protein was highly expressed in all breast cancer cell lines, whereas it was weakly detected in the NBEC breast epithelial cells (Fig. 1A) . To see if the AEG-1 upregulation was also apparent at the mRNA level, reverse transcription-PCR and real-time reverse transcription-PCR were done. As shown in Fig. 1B and C, in parallel with up-regulation of the AEG-1 protein, the seven breast cancer cell lines unexceptionally showed significantly higher levels of AEG-1 mRNA in comparison with the NBEC cells, increasing by up to 29-fold.
To validate the specificity of the AEG-1 antibody that we used in Western blot and following immunohistochemical staining experiments, we tested the antibody on MCF-7 cell lines stably transduced with retroviral vectors expressing AEG-1 RNAi(s). Western blotting showed that the antibody detected decreased expression of AEG-1 protein in these cells (Fig. 1A, right) . Furthermore, a recombinant AEG-1 polypeptide could completely block the immunohistochemical staining by the AEG-1 antibody, as shown in Fig. 3B . All these results indicate that the AEG-1 antibody used in our study specifically recognizes the AEG-1 protein.
Overexpression of AEG-1 in primary breast tumors. In order to determine whether the up-regulation of AEG-1 in breast cancer cell lines is clinically correlated with breast cancer progression, we did Western blotting analysis on four pairs of matched normal breast tissue and breast tumor samples. As shown in Fig. 2A , AEG-1 was found to be differentially overexpressed in all four examined human primary breast cancer samples paired with normal breast tissues from the same patients. This finding is consistent with the results obtained in our immunohistochemical analysis (Fig. 2C) . Reverse transcription-PCR (Fig. 2B ) and real-time reverse transcription-PCR (Fig. 2D) revealed the degrees of AEG-1 mRNA up-regulation in tumor samples. The tumor/normal ratio of AEG-1 message signals in presented Fig. 2B and D varied from approximately 3-fold to 35-fold in the four tissue pairs. These results obtained from clinical samples confirm that higher levels of AEG-1 are expressed in cancer lesions than that in surrounding tumoradjacent regions.
Overexpression of AEG-1 in archived breast tissues. In order to further examine whether AEG-1 protein is overexpressed in clinical samples of breast cancer, we examined 225 paraffinembedded, archived breast cancer tissues, including 28 cases of stage I, 98 cases of stage II, 66 cases of stage III, and 33 cases of stage IV tumors, as well as 9 cases of matched lung or hepatic metastases derived mostly from patients with relapses of their breast cancers using immunohistochemical staining with an antibody against human AEG-1. As shown in Fig. 3 , AEG-1 protein was detected in 210 of 225 (93.3%) cases. High levels of AEG-1 were present in areas containing cancer cells of the primary breast tumors and metastatic tumors. In contrast, AEG-1 was only marginally detectable in normal breast tissue and in the adjacent noncancerous tissues in all tumor sections. Furthermore, more intense AEG-1 staining was seen in the hepatic metastases derived from patients with late relapses than that in the paired breast primary tumors (Fig. 3A, a) . Taken together, these observations show that high levels of AEG-1 expression were associated with the clinical development of primary as well as metastasized breast tumors. 
AEG-1 as a Prognostic Marker for Breast Cancer
It is of note that although AEG-1 staining was mostly found in the cytoplasm of primary cancer cells, with only a minority of primary cancer cells also stained in the nucleus, metastatic tumors showed a high percentage of AEG-1 staining in the nucleus (Fig. 3A, a and f) .
Statistical analyses were done to examine the correlation between AEG-1 expression, as detected by immunohistochemical staining, and the clinicopathologic characteristics of breast cancer. As shown in Table 3 , no correlation was found between the expression level of AEG-1 protein and patient age or expression levels of estrogen receptor, progesterone receptor, and ErbB-2 in patients with breast cancer. In contrast, the expression of AEG-1 is strongly correlated with the clinical staging of patients with breast cancer (P = 0.001). Furthermore, we also found that there were significant differences in AEG-1 expression in patients categorized according to T classification (P = 0.004), N classification (P = 0.026), and M classification (P = 0.001), indicating that advanced clinical stages and T classification were correlated with higher AEG-1 expression. These data were further confirmed by employing the Spearman correlation analysis to test the correlation between AEG-1 expression and the clinicopathologic features. As shown in Table 4 , Spearman correlations of AEG-1 expression level to clinical stage, T classification, N classification, and distal metastasis were 0.229 (P = 0.001), 0.189 (P = 0.004). 0.153 (P = 0.021), and 0.218 (P = 0.001), respectively. Taken as a whole, the expression of AEG-1 protein was positively correlated with clinical staging and TNM classifications. Survival analysis. The expression level of AEG-1 protein in breast cancer was significantly correlated with patients' survival time (P < 0.001), with a correlation coefficient of -0.304, clearly indicating that higher levels of AEG-1 expression were associated with shorter survival time (Table 5) . Kaplan-Meier analysis and the log-rank test were used to calculate the effect of AEG-1 expression and classic clinicopathologic characteristics (including age, clinical staging, T classification, N classification, and distant metastasis) on survival. The log-rank test showed that survival time was significantly different between the low and high AEG-1 expression groups (P < 0.001). As shown in Fig. 4 , the cumulative 5-year survival rate was 75.7% in the low AEG-1 expression group (95% confidence interval, 0.773-0.857), whereas it was only 45.1% in the high AEG-1 expression group (95% confidence interval, 0.377-0.581).
In addition, we did multivariate survival analysis, which tested AEG-1 expression level, T classification, and N classification to determine whether AEG-1 expression level was an independent prognostic factor of patient outcomes. In this analysis, T classification, N classification, and AEG-1 expression were each recognized as independent prognostic factors (Table 5) . Thus, our findings indicate that AEG-1 protein expression level has a significant correlation with the prognosis of breast cancer.
Discussion
Our data presented in this report provide, for the first time, evidence that elevated expression of AEG-1 protein is correlated with poor prognosis and reduced survival of patients with breast cancer. In this study, we show that AEG-1 is up-regulated at both mRNA and protein levels, in breast cancer cell lines as compared with NBECs. Paired breast cancer lesions and adjacent noncancer tissues have been found to express AEG-1 differentially, with the cancer lesions displaying significantly higher expression of AEG-1. Furthermore, immunostaining studies indicates that the expression level of AEG-1 protein in histologic sections is significantly correlated with the clinical staging of the disease and reduced survival time of patients with NOTE: The expression level of AEG-1 protein in breast cancer was significantly correlated with patients' survival time (P < 0.001); the correlation coefficient was -0.304, indicating that higher levels of AEG-1 expression were correlated with shorter survival time.
breast cancer. Taken together, our study suggests that AEG-1 might represent a novel indicator for the prognosis of breast cancer.
Previous studies have shown that AEG-1 is a Ha-rasregulated gene (11) . As supported by a large body of evidence, oncogenic Ha-ras modulates signaling pathways that control a variety of cellular responses key to cancer development, including cell proliferation, survival and differentiation, and deregulation of the Ha-ras gene has been found to be involved in the formation and progression of various human cancers (21, 22) . Such oncogenic activities of Ha-ras are believed to be mediated by the activation of one or more of several signaling pathways, such as the phosphatidylinositol-3-kinase/Akt pathway, the Raf/mitogen-activated protein kinase pathway, the Rac/Rho pathway, the Rac/c-Jun-NH 2 -kinase, and Rac/p38 pathways, which subsequently activate effector genes or proteins (23, 24) . It is of note that whereas some of these effector molecules have been found and intensively studied, many remain unknown and yet to be identified. In this context, Lee et al. reported that AEG-1 expression was inducible by Ha-ras, possibly through activation of the phosphatidylinositol-3-kinase pathway that causes c-Myc to bind to the E-box elements of the AEG-1 promoter and consequently up-regulates AEG-1 transcription (11). These studies have provided new insights into the potential role of AEG-1 in the development and progression of human cancers. Nonetheless, whether the expression of AEG-1 is in parallel with the course of carcinogenesis and cancer progression, and thereby could be used as an indicator of cancer progression, remains to be clarified. Although a number of recent reports found AEG-1 upregulation in solid tumors, including melanoma, breast cancer, brain tumor, and prostate cancer, the relatively small sample size (20-51 cases) used in these studies limited an effective evaluation of AEG-1 expression as a prognosis biomarker (6, 12) .
In this study, we have shown that both the mRNA and protein levels of AEG-1 were markedly higher in breast cancer cell lines than in NBECs. Reverse transcription-PCR and realtime PCR analysis have shown 3-fold to 35-fold increase of the AEG-1 message in primary breast tumors (T), as compared with the paired normal breast tissues (N) taken from the same patients. Moreover, we examined the status of AEG-1 expression in a larger number of breast cancer tissue specimens. As determined by immunohistochemical analysis, 210 of 225 (93.3%) paraffin-embedded archival breast cancer biopsies displayed moderate to strong cytoplasmic staining of AEG-1 in tumor cells, whereas no significant staining of AEG-1 was detected in the adjacent noncancerous epithelial cells, supporting the notion that AEG-1 might play a role in the development and progression of breast cancer. Further analysis of the relationship between AEG-1 staining and the clinical characteristics of patients has shown a significant correlation of AEG-1 expression with the clinical staging as well as T, N, and M classification, although it is not correlated with the age and status of estrogen receptor, progesterone receptor, or ErbB-2 expression in patients with breast cancer, strongly suggesting that AEG-1 might be useful as an independent marker to identify subsets of breast cancer patients with more aggressive disease. Moreover, patients in an AEG-1 -high expression group revealed a 45.1% cumulative 5-year survival rate, which was significantly lower than that in AEG-1 -low expression patients (75.7%), suggesting the possibility of using AEG-1 as a predictor for patient prognosis and survival.
It is particularly noteworthy that AEG-1 has been found, in our study, to be mainly localized in the cytoplasm of cancer cells. Meanwhile, we have also found that nuclear staining of AEG-1 tends to become more common in lesions from patients with more advanced disease stages. Although occasional nuclear staining of AEG-1 was detected in clinical stage II samples, and stage III sections displayed noticeably increased AEG-1 nuclear localization, a large proportion of cancer cells in liver metastases revealed AEG-1 translocation to the nucleus. This observation coincides with the previous reports that overexpression of AEG-1 resulted in the localization of the protein both in the cytoplasm and in the nucleus (10, 13) . AEG-1 has been found to interact with the NF-nB complex, corresponding with the nuclear translocation of p65 (10) . Moreover, it was recently reported that knockdown of AEG-1 attenuated the constitutive activity of NF-nB in parallel with a depletion in NF-nB -regulated genes (12) . It has also been suspected that the activation of NF-nB by AEG-1 is possibly via the degradation of InBa (10) . Consistent with these findings, our data further support that the dysfunction of AEG-1 may play an important role in promoting carcinogenesis and progression of breast cancer. Apparently, further studies are needed to verify these findings to establish AEG-1 as a prognostic marker in breast cancer and to clarify its role in carcinogenesis and progression by functional analysis.
In conclusion, this is the first study aimed at evaluating the possibility of using AEG-1 as a clinically relevant indicator for disease progression and as a prognostic marker for patient survival in breast cancer. In combination with other biomarkers of breast cancer, in addition, AEG-1 expression status may be useful for evaluating the effectiveness of novel therapeutic strategies against breast cancer and for developing rational criteria for the selection of treatments. Toward this end, further investigation on the mechanism by which AEG-1 is involved in the development and progression of breast cancer and prospective studies on the prognostic significance of AEG-1 are needed. Fig. 4 . Kaplan-Meier curves with univariate analyses (log-rank) for patients with low AEG-1expression versus high AEG-1expression tumors. The cumulative 5-y survival rate was 75.7% in the lowAEG-1protein expression group (n = 125; thick line), but it was only 45.1% in the high-expression group (n = 100; dotted line).
